Introduction
============

Among people with latent *Mycobacterium tuberculosis*infection, coinfection with the human immunodeficiency virus (HIV) carries a 10- to 15-fold risk of developing active tuberculosis.[@R1]^--^[@R3] From 2003 to 2016, the countries worst-affected by the HIV epidemic, including Botswana, Eswatini and Lesotho reported national adult (15--49 years) HIV prevalence of over 20% and exceptionally high national tuberculosis incidence rates above 500 per 100 000 population per year ([Table 1](#T1){ref-type="table"}).[@R6] Across the WHO African Region in 2016, there were an estimated 764 000 new cases of tuberculosis among people living with HIV, leading to 320 000 deaths.[@R6]

###### Tuberculosis and HIV epidemics in 12 countries in the WHO African Region, 2003--2016

  Country                       HIV prevalence, %   Tuberculosis incidence per 100 000 people per year^c^   Change in tuberculosis incidence, % per year^d^                       
  ----------------------------- ------------------- ------------------------------------------------------- ------------------------------------------------- ----- ------ ------ ------
  Botswana                      24                  70                                                      816                                               571   −6.9   −8.1   −4.0
  Eswatini                      27                  84                                                      1280                                              973   −5.8   −6.8   −2.2
  Kenya                         8                   51                                                      397                                               331   −3.8   −7.6   −1.2
  Lesotho                       24                  77                                                      1280                                              979   −3.7   −4.1   −2.1
  Malawi                        13                  71                                                      397                                               283   −5.9   −7.5   −3.1
  Namibia                       14                  59                                                      935                                               552   −5.7   −9.0   −2.5
  Rwanda                        4                   45                                                      102                                               46    −4.7   −5.2   −3.1
  South Africa                  17                  65                                                      977                                               607   −0.4   −0.5   −0.1
  Uganda                        8                   59                                                      248                                               146   −1.7   −4.3   1.0
  United Republic of Tanzania   7                   47                                                      510                                               243   −4.4   −7.1   −2.7
  Zambia                        14                  70                                                      662                                               445   −4.3   −5.3   −2.7
  Zimbabwe                      19                  78                                                      617                                               471   −7.8   −8.7   −6.0

HIV: human immunodeficiency virus.

^a^ Prevalence of HIV infection in people aged 15--49 years.[@R4]

^b^ Values are maximum percentages of HIV infection in new tuberculosis patients.[@R5]

^c^ Values are maximum estimates of tuberculosis incidence and HIV-positive tuberculosis incidence.[@R5]

^d^ Average annual rate of change in HIV-positive, HIV-negative, and all tuberculosis incidence rate per 100 000 population. Negative values represent declining incidence.

To reduce the incidence of tuberculosis in populations with a high proportion of *M. tuberculosis* and HIV coinfection, the World Health Organization (WHO) and the Joint United Nations Programme on HIV/AIDS (UNAIDS) primarily recommend drug treatments such as isoniazid preventive therapy and antiretroviral therapy (ART) to prevent progression from latent to active tuberculosis. ART protects against tuberculosis by facilitating the restoration of immune function in people living with HIV, thus impeding progression of latent *M. tuberculosis* infection to active tuberculosis. Isoniazid preventive therapy, when used continuously with ART, generally gives coinfected adults additional protection from tuberculosis.[@R7]^--^[@R10] WHO and UNAIDS also recommend combinations of drugs to prevent onward transmission of infection from patients with active tuberculosis.[@R6]^,^[@R11] Combination chemotherapy and ART are the two principal interventions used to reduce tuberculosis incidence and have the greatest population coverage and longest history of use. The efficacy of all these treatments has been demonstrated in experimental and observational studies[@R7]^--^[@R9]^,^[@R12]^--^[@R14] and drug treatments have the potential markedly to reduce incidence if high rates of treatment coverage can be achieved in target populations.[@R1]^,^[@R2]^,^[@R15]^--^[@R17]

The purpose of this study was to investigate which of these recommended drug treatment methods have had the greatest impact on tuberculosis incidence in 12 countries in the WHO African Region with high burdens of tuberculosis linked to HIV infection (further information available from our data repository).[@R18]

We used biologically-informed statistical models, together with data routinely collected annually since 1990, to examine the effects of ART and isoniazid preventive therapy in preventing tuberculosis disease in people living with HIV, and to investigate tuberculosis case detection and combination chemotherapy treatment as a means of interrupting *M. tuberculosis* transmission to reduce tuberculosis incidence. We used a retrospective longitudinal design to investigate each country and cross-sectional analysis to compare the countries.

Methods
=======

Data sources
------------

We obtained publicly available epidemiological surveillance, survey and treatment data on tuberculosis and HIV from WHO[@R5] and UNAIDS.[@R4] Population data are from the 2017 Revision of World Population Prospects.[@R19]

Study setting
-------------

We chose 12 countries in the WHO African Region that had high tuberculosis--HIV coinfection rates and sufficient data to do this investigation: Botswana, Eswatini, Kenya, Lesotho, Malawi, Namibia, Rwanda, South Africa, Uganda, United Republic of Tanzania, Zambia and Zimbabwe. We excluded Mozambique because the trend in tuberculosis incidence was unclear from the series of annual case notifications: the number of cases reported increased continuously between 2002 and 2016, probably because the proportion of incident cases detected was increasing over that period and not because of a true rise in incidence (available from the data repository).[@R18]

Intervention models
-------------------

Since interventions to stop tuberculosis progression and transmission have different modes of action, we investigated the interventions, using two separate univariate models, rather than combining the interventions in one multivariate model.

We modelled the effect of ART on tuberculosis incidence by using the equationwhere *T* is the annual incidence rate of tuberculosis among people living with HIV in year *t*. In this model *α* is the per capita incidence rate of tuberculosis in the untreated population of people living with HIV (*H*) after a delay of *τ* years, which depends on the prevalence and incubation period of *M. tuberculosis* in HIV-positive individuals and on the average age of HIV infection in the population (further details in the data repository).[@R18] In the absence of drug treatment for either *M. tuberculosis* or HIV infection, *α* would change little over the period 2003--2016, so we took *α* to be constant over the time span of this study. *A* is the fraction of people living with HIV receiving ART, which takes effect after *τ* years, and coefficient *β* scales the effect of ART under the hypothesis that ART prevents tuberculosis. Neither this model, nor this analysis, accounts for the separate effects of ART on HIV, which are to interrupt viral transmission and increase population prevalence by improving survival and life expectancy.[@R20]^--^[@R22]

For each of the 12 countries, *T* is obtained from routine surveillance data (annual tuberculosis case notifications) and the estimated proportion of tuberculosis cases infected with HIV.[@R5] Variables *H* and *A* are national estimates derived from national and subnational survey data.[@R4] Rewriting the model asparameters *α* and *β* are estimated from a linear regression of on *A~t-τ~*, with intercept *α* and gradient - *αβ*. The time delay, *τ*, was set at 2 years, based on the fit of the regression model to data, and on the recovery rate of CD4+ T-lymphocyte count after patients are started on ART (further details in the data repository).[@R18]^,^[@R23] The number of people living with HIV that are prevented from developing tuberculosis is obtained from the fit of the model to data comparing the number of tuberculosis cases expected under the hypothesis that ART prevents (*β*  \> 0, estimated) or does not prevent (*β*  = 0, counterfactual) tuberculosis.

We modelled the effect of tuberculosis case detection and combination chemotherapy treatment on tuberculosis incidence, via reduced transmission, using the modelwhere *T~t~*and *T~t-τ~* represent the incidence of all tuberculosis cases (regardless of HIV status) in the population. Coefficient *r* is the tuberculosis case reproduction number over the period *τ* in the absence of drug treatment. *D~t-τ~*is the proportion of all tuberculosis cases detected and successfully treated (that is, cases that converted from bacteriologically positive to negative, or completed treatment) and *δ* scales the effect of *D~t-τ~* in reducing *M. tuberculosis* transmission. Rewriting the model asparameters *r* and *δ* are estimated from a linear regression of on *D~t-τ~*, with intercept *r* and gradient -*rδ*. The regression analysis is a test of whether an increase in case detection and treatment success accelerates the decline in tuberculosis incidence by reducing transmission. *D* is calculated from estimates of the proportion of all tuberculosis cases detected in any given year multiplied by the proportion successfully treated, which is reported by WHO in the following year ([Fig. 1](#F1){ref-type="fig"}).[@R5] The time delay, *τ*, was set at 2 years, but the conclusions of the analysis were not sensitive to the length of the delay (available from the data repository).[@R18]
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We performed all analysis in Excel (Microsoft, Redmond, United States of America).

Results
=======

Between 1990 and 2016, all 12 countries showed similar trends for tuberculosis and HIV epidemics and their control measures (available from the data repository).[@R18] [Fig. 2](#F2){ref-type="fig"} shows Botswana and South Africa as examples. The numbers of tuberculosis cases reported each year increased following the rise of HIV incidence and prevalence. The subsequent downturn in tuberculosis incidence in both countries appeared to be associated with improvements in the proportion of tuberculosis cases successfully treated (that is, the proportion of cases detected × proportion successfully treated), but more obviously corresponded with the expanded coverage of ART. The scale-up of ART coverage from 2003 onwards was more rapid in Botswana than in South Africa, and the decline in tuberculosis incidence occurred earlier and more quickly. In the countries investigated here, the proportional decline and the absolute magnitude of the decline were greater for HIV-positive than for HIV-negative patients with tuberculosis ([Table 1](#T1){ref-type="table"}). The provision of isoniazid preventive therapy was low in both Botswana and South Africa, compared to the coverage of ART and to the proportion of tuberculosis patients treated with combination chemotherapy.
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ART coverage increased in all 12 countries between 2003 and 2016 ([Fig. 3](#F3){ref-type="fig"}) as tuberculosis incidence declined among people living with HIV ([Fig. 4](#F4){ref-type="fig"}; data repository).[@R18] While the changes in ART coverage and tuberculosis incidence are inversely correlated (available from the data repository),[@R18] these correlations do not prove that ART was the cause of tuberculosis decline in these countries. Other unmeasured factors, including other interventions, could confound the correlations. However, the evidence for a causal role of ART is strengthened by comparing the results of regression analysis across all 12 countries: we found that the estimated fraction of HIV-positive tuberculosis cases prevented by ART was associated with the provision of ART across all countries ([Fig. 5](#F5){ref-type="fig"}; *r*^2^ = 0.68; *P* \< 0.001).
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![Trends in tuberculosis incidence in people living with HIV, 12 countries in the WHO African Region, 2003--2016](BLT.18.228577-F4){#F4}
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The average ART coverage was highest and contributed to the greatest proportions of HIV-positive tuberculosis cases prevented in Botswana, Namibia and Rwanda ([Table 2](#T2){ref-type="table"}). South Africa, the country with the largest number of people living with HIV (7.1 million in 2016),[@R11] prevented the greatest number of HIV-positive tuberculosis cases (543 000) between 2003 and 2016, but the smallest fraction of such cases (11.2%; 542911/4846209) because ART coverage was low, on average 21.8%.

###### Interventions to reduce tuberculosis incidence in 12 countries in the WHO African Region, 2003--2016

  Country                       Average ART coverage   Detection and treatment success of people with tuberculosis^a^   Average % of HIV-positive people on isoniazid preventive therapy^b^   No. of coinfected tuberculosis cases prevented (%)^c^   
  ----------------------------- ---------------------- ---------------------------------------------------------------- --------------------------------------------------------------------- ------------------------------------------------------- --------------
  Botswana                      46                     51                                                               12.5                                                                  0.51                                                    48 000 (30)
  Eswatini                      33                     39                                                               91.9                                                                  0.17                                                    54 000 (27)
  Kenya                         28                     38                                                               6.3                                                                   0.56                                                    392 000 (21)
  Lesotho                       23                     33                                                               10.4                                                                  0.11                                                    75 000 (23)
  Malawi                        29                     51                                                               −9.0                                                                  3.09                                                    111 000 (19)
  Namibia                       36                     61                                                               30.5                                                                  0.44                                                    55 000 (31)
  Rwanda                        42                     62                                                               14.8                                                                  0.01                                                    19 000 (30)
  South Africa                  22                     47                                                               28.2                                                                  4.21                                                    543 000 (11)
  Uganda                        27                     44                                                               −0.4                                                                  0.001                                                   72 000 (11)
  United Republic of Tanzania   23                     28                                                               16.9                                                                  0.18                                                    195 000 (13)
  Zambia                        33                     56                                                               −7.5                                                                  0.02                                                    165 000 (20)
  Zimbabwe                      29                     49                                                               21.1                                                                  2.93                                                    149 000 (18)

ART: antiretroviral therapy; HIV: human immunodeficiency virus.

^a^ Average and change in the number of tuberculosis cases detected and successfully treated for the years 2003 to 2016.[@R5]

^b^ Coverage (%) calculated as: total number of people living with HIV who start treatment/total number of people living with HIV, aged 15--49 years.

^c^ Estimated number and percentage of HIV-positive tuberculosis cases prevented by ART, 2003--2016.

Based on the fit of the model to data for each of the countries between 2003 and 2016 ([Fig. 4](#F4){ref-type="fig"}; data repository),[@R18] ART prevented 1.88 million (95% confidence interval, CI: 1.65 to 2.11) people living with HIV from developing active tuberculosis, or 15.7% (95% CI: 13.8 to 17.6) of the 11.96 million HIV-positive tuberculosis cases expected. An alternative way of calculating the number of cases prevented is to use the association between cases prevented and ART coverage across the 12 countries ([Fig. 5](#F5){ref-type="fig"}): summing the predictions for each country gives a similar total of 2.06 million people living with HIV prevented from developing active tuberculosis over the same period, or 17.3% of the number of HIV-positive cases expected.

Although the primary effect of ART is to stop progression from *M. tuberculosis* infection to tuberculosis disease in people living with HIV, the consequent reduction in tuberculosis incidence might also reduce onward transmission. The incidence of tuberculosis in HIV-negative people declined in all countries alongside tuberculosis in HIV-positive people, albeit more slowly ([Table 1](#T1){ref-type="table"}) and, comparing countries, the rates of decline in HIV-positive and HIV-negative tuberculosis were correlated (*r*^2^ = 0.48; *P* = 0.02).

Considering the treatment of tuberculosis infection or disease (rather than of HIV infection), neither combination chemotherapy for tuberculosis, nor the prophylactic treatment of *M. tuberculosis* infection with isoniazid, markedly accelerated the decline in tuberculosis incidence between 2003 and 2016. The evidence is as follows: First, the detection of infectious pulmonary tuberculosis cases at an early stage of illness followed by successful drug treatment should interrupt the transmission of *M. tuberculosis* from all patients regardless of HIV status, thereby reducing tuberculosis incidence in the rest of the population.[@R3]^,^[@R15]^,^[@R17] Comparing countries, the rate of decline in tuberculosis incidence is expected to be faster where case detection and treatment success are higher on average. The national proportions of all tuberculosis cases detected and successfully treated varied between 27.5% and 62.2% ([Table 2](#T2){ref-type="table"}). There was no discernible association between tuberculosis case detection or treatment and tuberculosis incidence across the countries ([Table 2](#T2){ref-type="table"}; *r*^2^ = 0.06, P = 0.65).

If case detection and treatment success improve with time in any individual country, we expect to see an accelerated decline in tuberculosis incidence as the interruption of transmission lowers the tuberculosis case reproduction number. Tuberculosis case detection and treatment did improve somewhat in most countries between 2003 and 2016 as tuberculosis incidence declined, though not in Malawi, Uganda and Zambia ([Table 2](#T2){ref-type="table"}; [Fig. 1](#F1){ref-type="fig"}). Within each country, there were either weak associations (Eswatini, South Africa, Zimbabwe) or no significant associations (the other nine countries) between tuberculosis case detection and treatment success, and the rate of decline in tuberculosis incidence (available from the data repository).[@R18] In summary, neither the levels nor the change in tuberculosis case detection and treatment success can explain the reduction in tuberculosis incidence observed in all 12 countries from around 2003 onwards ([Fig. 4](#F4){ref-type="fig"}).

Second, we examined isoniazid preventive therapy in the 12 countries and found that the coverage of such therapy among people living with HIV was generally low between the years 2003 and 2016 (average 1.0% of persons eligible across countries; [Table 2](#T2){ref-type="table"}). In 2016, South Africa started the largest number of people on isoniazid preventive therapy, 385 932 people, or 51.3% of those 751620 people newly enrolled in care for HIV/acquired immunodeficiency syndrome (AIDS) that year. However, only 4.2% of people living with HIV, on average, received isoniazid preventive therapy between 2003 and 2016, contrasted with an average of 21.8% who started ART during the same period. In comparison, an average 3.1% of people living with HIV in Malawi and 2.9% of people living with HIV in Zimbabwe received isoniazid preventive therapy. These three countries together reported 91.0% (3.28 million/3.61 million) of all people living with HIV who had started isoniazid preventive therapy in the 12 countries by 2016. Thus, isoniazid preventive therapy may have protected thousands of coinfected people from developing tuberculosis in Malawi, South Africa and Zimbabwe, but the effect on tuberculosis incidence at a population level would have been small in these three countries, and negligible in the other nine countries.

Discussion
==========

Our analysis suggests that the roll-out of ART, supported by the services needed to provide treatment, such as HIV testing, drug procurement, treatment supervision, outcome monitoring and nutritional supplements, has played a major part in the tuberculosis decline in southern and eastern Africa since 2003. Our results are broadly in line with a previous study[@R24] that also found an association between ART coverage and the reduction in tuberculosis incidence among people living with HIV.

By stopping the progression from *M. tuberculosis* infection to tuberculosis disease, we estimated that ART prevented 1.88 million HIV-positive tuberculosis cases between 2003 and 2016. If ART also reduced the transmission of *M. tuberculosis* infections, as suggested by this analysis, then our estimate of prevented tuberculosis cases would be conservative. In contrast, we did not identify any evidence that drug treatment of tuberculosis infection or disease played more than a minor role in accelerating the rate of tuberculosis decline.

This study has limitations. Given the well-known uncertainties in measuring the coverage of tuberculosis control programmes, we cannot be sure that improvements in case detection and treatment success did not accelerate the decline in tuberculosis incidence. Moreover, our study was an analysis of change; we did not investigate, and therefore cannot quantify, the effect of a constant rate of case detection and treatment in reducing transmission and tuberculosis incidence.

We found large variations among countries in the estimated fraction of tuberculosis cases prevented by ART. These variations were linked to differences in ART coverage. Future research should investigate both the immediate and deeper reasons for differences in coverage, because these reasons are likely to influence the future success of HIV and tuberculosis control programmes. Between 2003 and 2016, Botswana prevented the largest fraction of tuberculosis cases and achieved the highest coverage of ART. Since independence in 1966, Botswana has invested in public services to tackle ill health and poverty[@R25] and was the first African country to provide universal, free-of-charge ART.[@R26] South Africa prevented the smallest fraction of tuberculosis cases among the countries investigated. Following controversy over the link between HIV and AIDS,[@R27] South Africa was slower to expand treatment for people living with HIV, but now has the largest number of people on ART and isoniazid preventive therapy worldwide.[@R6]^,^[@R11] In 2015, South Africa became the first country in sub-Saharan Africa to issue full regulatory approval for pre-exposure prophylaxis, using ART to protect HIV-negative people from acquiring HIV infection.[@R28] Consistent with these recent developments in South Africa, the rate of tuberculosis decline among people living with HIV increased to 4.6% per year between 2010 and 2016 (compared with the average decline of 0.5% per year over the period 2003--2016; [Table 1](#T1){ref-type="table"}).

The number of patients with tuberculosis tested for HIV infection across Africa has greatly increased. In 2016, 82% of reported tuberculosis patients had a documented HIV test result, up from 2% in 2004.[@R6] Once tested positive for HIV, tuberculosis patients become eligible for ART, increasing the chance of successful tuberculosis treatment and reducing the risk of death. However, far less progress has been made in finding and treating tuberculosis among people living with HIV and among HIV-negative people living in settings with high prevalence of coinfection, both forms of progress are imperative for control, and ultimately, for the elimination of tuberculosis.[@R3] To find individuals with infectious tuberculosis earlier requires a greater awareness of the risk of tuberculosis among people living with HIV and a more active approach to tuberculosis diagnosis at home, in the community and in health facilities.[@R29]^--^[@R32]

While millions of people living with HIV now receive ART continuously in southern and eastern Africa, a small number also receive isoniazid preventive therapy.[@R6]^,^[@R10] In this context, the success of Malawi, South Africa and Zimbabwe in starting patients on isoniazid preventive therapy will improve knowledge on how to identify candidates for isoniazid preventive therapy (recognizing that efficacy is greater for those who are tuberculin skin test positive and that patients with tuberculosis disease must be excluded), maintain adherence to prolonged prophylaxis (daily treatment for at least 6 months), and manage the adverse reactions that affect a small fraction of patients on isoniazid.[@R33]

Tuberculosis accounted for 1.7 million deaths in 2016, including those among HIV-positive cases[@R6] and tuberculosis incidence is declining too slowly to reach international targets. For example, the WHO End TB Strategy aims to cut the tuberculosis incidence worldwide by 80% between 2015 and 2030, which requires a fivefold increase in the rate of decline, from 2% per year at present to at least 10% per year.

The slow pace of technological development in tuberculosis control, including diagnostics, drugs and vaccines[@R6], provides a strong argument for making the best use of the tools that are currently available. The best strategies may vary from one setting to another, but for populations having a high or increasing prevalence of tuberculosis--HIV coinfection, ART is an effective intervention. However, the scale-up of ART alone will not be enough to reach international targets. Besides the search for new interventions and technologies, additional efforts are needed to maximize the benefits of directly treating tuberculosis infection and disease.
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